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Abstract
The small Unmanned Aerial Vehicle (UAV)1 has been proposed as an ideal platform for an increasing number of civilian mission 
roles. However, the small size of this class of UAV, while beneficial for acquisition and operational costs, presents a problem 
when it comes to their ability to be seen by other aircraft. Unless some means of enhancing visibility is used, the small size 
creates an essentially invisible entity at normal aviation visual sighting ranges and therefore an increased collision risk. In this 
paper, a human factors experiment is presented where the visibility of a proposed aircraft lighting system was assessed in realistic 
night time conditions.These results have been compared against theoretical detection range estimates based on basic photonics 
and the capabilities of the human vision system, and the minimum sighting distances according to current aviation 
regulations.Other technologies proposed to improve the detectability of the small UAV are also introduced. The outcome of this 
research is a proposed minimum set of safety equipment which should make the small UAV at least as safe as equivalent manned 
aircraft operating in the same airspace.
© 2015 The Authors.Published by Elsevier B.V.
Peer-review under responsibility of AHFE Conference.
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1. Introduction
The limitations of the “see-and-avoid” principle in manned aviation, considered essential for the prevention of
mid-air collisions [2], has been documented extensively by other researchers for many years [3][4]. Given these 
limitations, It is highly unlikely that a typical small UAV such as anAerosonde UAV (wingspan 3m), would be 
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1Small UAVs are classified as under 25 kg according to recent Transport Canada guidelines for UAVs [1].
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Nomenclature
ADS-B Automatic Dependent Surveillance Broadcast
ATC Air Traffic Control
AVO Air Vehicle Operator
BLOS Beyond Line-of-Sight (range)
CARs Canadian Aviation Regulations
FAA Federal Aviation Administration
GA General Aviation
IFR Instrument Flight Rules
LED Light Emitting Diode
NOTAM Notice to Airmen
SFOC Special Flight Operation Certificate
SM Statute Mile (i.e. 1SM = 1609m)
TC Transport Canada
TCAS Traffic Collision Avoidance System
UAV Unmanned Aerial Vehicle
VFR Visual Flight Rules
VMC Visual Meteorological (weather) Conditions
spotted by human pilots at even the minimum visibility ranges implied by aviation regulations [5].It therefore 
becomes incumbent on the small UAV to somehow enhance the chances it will be detected. As with manned aircraft, 
several methods could be used:
x Anti-collision Lights
x Transponders
x Air-band Radio
The goal is to improve the chance that the UAV will be spotted with sufficient warning to avoid traffic conflicts 
and thus lower the risk of mid-air collisions.Note that the concept of “visibility” must be extended to include non-
visual detection means, especially if operation of the small UAV in non-visual weather conditions is considered.This 
paper will concentrate on the use of anti-collision lights as the primary means to enhance the visibility of the small 
UAV. The other methods listed above will be introduced.
2. Night-time VFR light experiment
A night-time VFR light experiment has been conducted to determine whether aviation-grade navigation and anti-
collision lights would work in terms of the ability to detect the small UAV and also determine its orientation.The 
concern is whether simply transplanting aviation lights as used on manned aircraft would make sense given the 
much smaller geometry of a typical small UAV.
2.1. Light requirements
Night-time visual flight rules (VFR) as implemented in Canadian Aviation Regulations [6] are based on the 
premise that all aircraft will be equipped with lighting equipment which meets or exceeds a set of minimum 
requirements.The aircraft must be equipped with red and green position lights on the left and right wing tips, and 
rear-facing white lights.The wingtip lights must have a minimum intensity of 40 Candles when the aircraft is view 
head-on, varying to 5 Candles at +/-140°.The rear lights must have a minimum intensity of 20 Candles over a
rearward arc of 140°.The aircraft must also be equipped with an anti-collision (strobe) light system which provides 
360° coverage in the horizontal plane, and +/-75° coverage in the vertical plane.The strobe intensity must be at least
400 Candles over the horizontal plane.The intensity in the vertical direction cannot drop below 20 Candles.
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Fig.1.AveoFlash LSA Light Set (courtesy of AVEO Engineering Inc.).
2.2. A candidate LED-based UAV light system
The AveoFlash LSA light system, shown in Fig. 1 is a candidate light system for small UAVs.It uses banks of 
ultra-bright LEDs to create the minimum intensity and coverage arcs for the various colours of the navigation 
lights.They also feature an integrated strobe feature which provides the anti-collision function.The integrated design 
allows the light requirements to be satisfied by a pair of lights installed on the wingtips [7].
2.3. Light installation and test stand apparatus
The lights were installed on the tips of a 3m/10ft wing-set from a small UAV.Wires were routed inside the wing
and terminated using plugs to allow reliable and safe connection to a power supply.A sync-signal wire was used to
connect the pair of lights together, to synchronize their flash rates.A custom-build wooden stand was available, 
having been constructed the year before for antenna testing.The wing-set was bolted onto the central “head” section, 
which featured a pivot platform with pre-measured 22.5° interval azimuth settings.The complete wing-set setup, 
installed and powered at the end of the test range runway at dusk may be seen in Figure 2 (a).
2.4. Argentia test site and timing
The test site for the experiment was along the main runway of the abandoned U.S. Naval Station at Argentia 
Newfoundland, as shown in Figure 2(b).The test procedure required a clear line-of-sight between the lighted wing-
set at Location A and Observation Sites at Locations B1, B2 and B3, to a maximum distance of 1609m, which made 
the use of a runway ideal.This site also has no active lighting in the direction the observers would be viewing the test 
stand.The timing of the experiment was chosen to coincide with a new moon period, to ensure maximum darkness 
and to prevent the untimely rising of the moon which could ruin night vision.
a b
Fig.2.(a) Test Stand with Lighted Wing-Set; (b) Argentia Test Site with Observation Ranges.
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2.5. Experimental procedure
With the lighted wing-set installed on the test stand and powered, the test operator at Location A positioned the 
wings by turning it on the stand such that it presented different azimuth view angles to the observersat positions B1 
through B3.Eight positions were used as summarized in Table 1.
Table 1.Aircraft/Wing-Set Position Choices.
Position Azimuth (°) Descriptions
P1 0 Aircraft Pointing towards observation post (front view)
P2 45 Aircraft turning RIGHT at 45° relative to observation post
P3 90 Aircraft turning RIGHT at 90° relative to observation post
P4 135 Aircraft turned RIGHT and heading away from observation post at 45°
P5 180 Aircraft Pointing away from observation post (rear view)
P6 225 Aircraft turned LEFT and heading away from observation post at 45°
P7 270 Aircraft turning LEFT at 90° relative to observation post
P8 315 Aircraft turning LEFT at 45° relative to observation post
At each observation location, tests subjects were brought inside the darkened cab of a large recreational vehicle 
(RV), simulating night-time conditions in a cockpit.After allowing their vision to adjust to the dark conditions, the 
test sequence was started.Five positions were presented to each test subject.The order was randomized, and not all 
azimuth cases were tested for all subjects.Repeats of test points were also possible.The idea was to present a 
completely random set of cases, and to eliminate the possibility of test subjects guessing.Once each azimuth position 
was set, the test operator at A communicated to the operator at B that the wing was “In position” and the subject was 
asked: (1) What lights can you see?; and, (2) What is the orientation?A small aircraft model with light positions 
indicated was available to use as a visual aide.
The answers for each test subject were recorded by the operator at location B, who also did not know the test 
sequence at A.In this way, any possibility of bias or “hints” waseliminated since neither the test subject nor operator
at B knew the actual test positions at A.This procedure was repeated for all test subjects.The observation site was 
then moved further down the runway to the next test position, and the test sequence was repeated.This was done 
until all test subjects were tested at all three observation positions (B1-B3).
2.6. Test execution and conditions
The experiment was conducted on Saturday night, 5 October, 2013.The weather at the start of the experiment was 
overcast, 9°C, with light winds (5 kts).A total of thirteen (13) human test subjects arrived.The subjects had a good 
spread of ages (24–61 years), and a 5/8 split by gender (female/male).There was a blend of members from Project 
RAVEN, significant others, plus a 50-something couple enlisted from the nearby community of Placentia.A total of 
5x13 or 65 observations were made at each of the three viewing ranges.The first observations at B1 (500m) were 
conducted somewhat slowly as everyone became accustomed to the test procedure.There were concerns about the 
late start (9:15 PM) and the weather deteriorating.It took a little over 1hr to conduct the first set of tests. After this 
was completed, the RV was moved to the B2 (1000m) location.The second set of tests started at 10:30PM.By this 
time, a light drizzle had started, which hampered visibility out the window due to water droplets.However, the lights 
on the wing were still visible, especially the strobe flashes.The windshield was wiped frequently to keep the water 
droplets under control.However, this did cause a delaysand resulted in the B2 series taking longer.The RV was then 
moved to the final B3 (1609m) location.The third series was started at 12:15 AM.By this time the weather had 
cleared and the drizzle which plagued the 1000m series had stopped.The temperature had dipped and there was 
some concern about the health of the equipment and operator at A.However, both performed admirably, and the 
third set of observations was completed by 1:30AM.The human subjects were dismissed and the teardown procedure
which was completed by 2AM.
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Fig.3.Observation Accuracy at 1609m.
2.7. Analysis of the results
The results were analysed to determine the observational accuracy for all of the observers at each sighting 
distance.While it is true that the sample size of the number of human subjects is small (13) the total number of 
observations at each viewing location (65) does permit the determination of some overall trends in the results. The 
first thing that was noted for all observers at all observation ranges and viewing angles was that the strobe (flashing) 
of the lights were always visible.This confirmed the hypothesis that simply carrying a strobe makes a small UAV 
easier to spot.The ability of the observers to determine the orientation of the wing was assessed by comparing the 
observed position (what each person thought they saw) against the actual test position at position A.The error in the 
perceived position was calculated using these rules:
x If observed position = actual, accuracy is 100%
x If observed position within +/-45° (i.e. one position step), accuracy is 75%
x If observed position was off by +/-90°, accuracy is 50%
x If observed position was off by +/-135°, accuracy is 25%
x Worse than this was deemed to be an accuracy of 0%
The results for B3 (1609m) are shown in Figure 3.There appears to be no major differences between genders in 
terms of observation accuracy.The head-on (0°) and tail-on (180°) orientations were the easiest ones to determine, 
generally at an accuracy of 75% or better.The most difficult positions were the 45° off-axis positions, especially 
those pointing away from the observer.
The results show a steady degradation of observation accurate with range, which was expected.However, the 
degradation from 500m to 1000m was much worse than the step from 1000m to 1609m.Indeed, observation
accuracy appeared to improve slightly between 1000m and 1609m.The drizzle during the 1000m tests most likely 
caused a deterioration of accuracy.However, even in the face of adverse weather conditions (i.e. rainy weather, 
water on the windshield, etc.) the majority of the observations were still quite good.
A surprising result is that even at 1609m (1 SM), the majority of the observers were able to determine the 
orientation of the wing, especially along the cardinal directions (i.e. Front/Back and Left/Right).There were a few 
instances of confusion over red/green versus left/right which may account for the lower accuracy at 270° azimuth in 
a few cases.Therefore, even on a very small aircraft, the red/green wingtip light method does appear to work, and 
the brightness and separation of the colours is still sufficient to permit orientation to be determined out to 1.6 km.
3. Extended range observations
One month later during the nextnew moon period, the test setup was re-assembled at Location A andsmaller
observing crew (4) was assembled at the location of a lookout area 2.6 km (1.6 SM) away.From this vantage point, 
the lights were immediately visible to the four people present due to the anti-collision strobe flashes.This was how 
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0%
25%
50%
75%
100%
0 50 100 150 200 250 300 350
MALES
FEMALES
949 Jonathan D. Stevenson et al. /  Procedia Manufacturing  3 ( 2015 )  944 – 951 
we were first able to locate the distant test stand.When the wing was rotated we could discern the change in 
orientation, but not based on the ability to see individual points of light.Instead, orientation could be 
determinedbased on the dominant colourof what appeared as a single light source, as it shifted from mostly white, 
red/white, red/green together, green/white, then back to white again.The ease by which we could spot the strobe is 
very important.Assuming it is equipped with such a strobe, our hypothetical small UAV should be visible at a range 
of at least 2.6 km in night-time VMC conditions.
4. Daytime light observations
During both test set-ups we were also able to make observations of the lightsin daylight conditions ranging from 
bright noon-hour conditions to about 1 hour before dusk.The coloured lights, especially the green wingtip, were very 
difficult to see in full sunlight.However, the strobe wasvisible. It was usually by seeing the strobe that the eye was 
able to locate the position of the wing against the busy background beyond the end of the runway.Predominantly this 
was the ocean, with forested terrain beyond.The inability to see the position lights made determining orientation 
difficult at 1000m, and impossible at 1609m.The position lights were visible at 500m, allowing orientation to be 
determined.At 1 hour before sunset, the position lights now be seen out to 1000m.Determining the orientation at the 
1609m range was still very difficult, mostly due to sun glare on the ocean surface beyond the end of the 
runway.However, the anti-collision strobe could always be seen.
5. Comparison with theoretical limits of human vision 
The minimum detection threshold for human eye-sight has been studied extensively, including studies of the 
special situation for pilots viewing scenes close to the ground [8].From these studies, a useful correlation of 
detection threshold (Ev) at night as a function of background luminance (B) has been developed:
7.5)log(64.0)log(  BEv (1)
Meanwhile, the illumination intensity (ET) of a light source as it passes through the atmosphere at low altitudes 
may be estimated from [9]: 
R
IeE
V
T
D
 (2)
Where; R = Range (m), V = Visual Range (km), Į $WWHQXDWLRQIDFWRUWKURXJKWKHDWPRVSKHUH, and I = Power 
intensity of the light source.The maximum light detection range could be estimated as when ET=Ev.Assuming 
reasonable values for night sky luminance, atmospheric attenuation and assuming minimum light intensities as in the 
regulations, we find that the maximum detection range varies from about 10km for the navigation lightsand up to 20 
km for the anti-collision strobes.Less than ideal atmospheric conditions would of course reduce these ranges.Night 
time aviation regulations imply a light detection range of at least 2 miles (3.2km) [10].Our own observations 
confirm that given the intensity of the lights as seen at 2.6 km, a detection range ofover 10km may be possible.
The practical limit of visual acuity at night is a concern for the ability to determine the orientation of the wing-
set.Average naked-eye acuity isquotedby astronomers as 4 arc-min[11]. This agrees with an analysisby researchers
concerned with computer screen resolution, which suggests alimit of 3.6 arc-min [12].Anotherestimate based on eye 
anatomy suggests alimit of 4.38 arc-min[13].Meanwhile, our 3m wing-set when viewed at 2.6 km subtends an angle 
of approximately4 arc-min.Our observationsconfirm thatthis is a good estimate of the limit of human visual acuity at 
night, as the lights did indeed appear to collapse to a single multi-colouredlight source at this range.
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6. Additional visibility enhancement methods
There are other technologies which may be used to enhance the chances that a small UAV might be detected.The 
following technologies would provide this enhancement even in non-VMC conditions.
6.1. Mode-S transponders
Transponders can be a very effective way to alert cooperative airspace users of each other’s 
presence.Transponders allow ATC to monitor the location of each aircraft within their control zone, assuming the 
transponder is powered and within range of the control tower.Mode-S types can also be detected and interpreted by
TCAS.During flight tests of the Aerosonde UAV in 2007-2008 a small Mode-S compliant transponder was 
installed.The MicroAir T2000UAV-S is a UAV version of the T2000-S. The T2000UAV-S is designed to be 
controlled via remote control through serial commands from an autopilot[14].These features, the small size and 
moderate power consumption made the T2000UAV-S ideal for use on the Aerosonde. 
During flight operations at Clarenville Airfield (CCZ3) in 2007 and Bell Island Airfield (CCV4) in 2008, the
effectiveness of this transponder would be seen. At both locations, there were multiple incidents when commercial 
air traffic passing overhead detected the Aerosonde UAV on TCAS at ranges of 3km or more.We may conclude that
any TCAS-equipped aircraft should be able to see a UAV at a minimum of 3 km range, if it isequipped with a 
Mode-S compliant transponder.
6.2. Automatic Dependent SurveillanceBroadcast transponders (ADS-B)
ADS-B transponders are another method which could enhance the detectability of small UAVs. Each ADS-
Bavionics set determines its own position using GPS andbroadcasts this information.Unlike a Mode-S transponder, 
this broadcast is continuous and does not rely on a radar “ping” to trigger it.All ADS-B receivers inrange are 
therefore able to determine the location of all othersimilarly-equipped aircraft.However, all aircraft in the same 
airspace must be equipped with ADS-B to ensure safety.This may not be unrealistic, as it is proposed in the U.S. and 
EUto upgrade the present ATCsystem with one based on the mandatory use of ADS-B by 2020 [15].
6.3. Air-band radios
In manned aviation, radio communications are major contributors to the situational awareness of each pilot and 
ATC.Radio communication is noted in aviation regulations as a major requirement and a contributor to the overall 
flight safety regime [16].The inability to communicate with the uncooperative “blind and dumb” UAV is a common 
complaint made by pilots[17].
It is proposed that all UAVs be given the ability to communicate their status and intentions to other users of the 
airspace and ATC, in a manner exactly like the standard practise in manned aviation [18].This capability could take 
the form of the UAV acting as a relay station to the GCS.The Air Vehicle Operator (AVO) would then assume the 
role of a manned pilot.The AVO would have to be certified in the use of aviation air-band radios, or hold the 
equivalent of a general aviation pilot license [19].An alternative solution is an autonomous air-band radio channel 
hosted on the UAV.The UAV could be programmed to respond automatically when it detects another aircraft in the 
vicinity, or if it detects it has entered a controller airspace zone.This could be triggered by a TCAS query, 
radar/transponder sweeps, or when the channel detects a message directed at the UAV.The later will require some 
form of speech recognition and artificial intelligence to ensure the UAV “voice” responds properly.This autonomous 
mode would be most effective when the UAV is flying autonomously in remote locations at BLOS range.
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7. Conclusions
Without some form of visibility enhancements, it is unlikely that small UAVs would be visible to manned aircraft 
at the sighting distances implied in current aviation regulations.Theoretical estimates suggest that a small UAV such 
as the Aerosonde is unlikely to be spotted atbeyond 500m even under ideal daylight conditions.
With the addition of navigation and anti-collision lights, night-time visibility will improve dramatically.Based on 
our night-time observations, the strobe should be visible at 2.6 km range and perhaps over 10 km away.During 
daylight conditions, the strobe should be visible up to 1.6 km away. This should improve the chance that the small 
UAV is detected by manned aircraft. This would apply whether or not the other aircraft is co-operative (i.e. using a 
transponder), but only in visual weather conditions.
If the small UAV is equipped with a small Mode-S Transponder, it will become visible to both ATC and any 
aircraft nearby equipped with TCAS.The range of detection has been demonstrated to be at least 3 km.Unlike light 
systems, this will work in non-visual VMC.This would greatly reduce the risk of mid-air collisions, especially in 
controlled airspace.A similar improvement may be possible using ADS-B, but safety can only be assured if all 
aircraft in the same airspace are similarly equipped.
Finally, quipping the small UAV with anair-band radio may be a simple but important enhancement to safety, 
and greatly improve the situational awareness of the small UAV location and intentions. 
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